Background: The King-Devick (K-D) test of rapid number naming is a reliable visual performance measure that is a sensitive sideline indicator of concussion when time scores worsen (lengthen) from preseason baseline. Within cohorts of youth athletes ,18 years old, baseline K-D times become faster with increasing age. We determined the relation of rapid numbernaming time scores on the K-D test to electronic measurements of saccade performance during preseason baseline assessments in a collegiate ice hockey team cohort. Within this group of young adult athletes, we also sought to examine the potential role for player age in determining baseline scores. Methods: Athletes from a collegiate ice hockey team received preseason baseline testing as part of an ongoing study of rapid rink-side performance measures for concussion. These included the K-D test (spiral-bound cards and tablet computer versions). Participants also performed a laboratory-based version of the K-D test with simultaneous infrared-based video-oculographic recordings using an EyeLink 1000+. This allowed measurement of the temporal and spatial characteristics of eye movements, including saccadic velocity, duration, and intersaccadic interval (ISI). Results: Among 13 male athletes, aged 18-23 years (mean 20.5 ± 1.6 years), prolongation of the ISI (a combined measure of saccade latency and fixation duration) was the measure most associated with slower baseline time scores for the EyeLink-paired K-D (mean 38.2 ± 6.2 seconds, r = 0.88 [95% CI 0.63-0.96], P = 0.0001), the K-D spiral-bound cards (36.6 ± 5.9 seconds, r = 0.60 [95% CI 0.08-0.87],
C oncussion is the mildest form of traumatic brain injury and is defined by a force to the head or body followed by any new neurological sign or symptom (1). A variety of symptoms may develop after a concussion, including those related to vision (2-7). Sports-related concussion is frequently underreported by high school and college-age athletes (6, 8) . Assessment of which athletes are vulnerable to continued injury following an event can be difficult given the potential for underreporting and lack of recognition.
Vision-based performance testing has been demonstrated to be a useful complement to sideline measures of balance, cognition, and symptoms. Rapid number naming using the King-Devick (K-D) test (9) has been administered in conjunction with components of the Sport Concussion Assessment Tool, 3rd Edition (SCAT3) (10) in collegiate and youth athletes (7) . The K-D test requires saccades and other eye movements and is a useful measure for assessing the brain's pathways related to vision (1,11). The K-D test is a reliable visual performance measure that is a sensitive sideline indicator of concussion when time scores worsen after an event, as compared to a preseason baseline (11) . Within cohorts of youth athletes ,18 years old, baseline K-D times also become faster with increasing age.
The purpose of our study was to examine the relation of rapid number-naming time scores on the K-D test to electronic, laboratory-based measurements of saccade performance in collegiate athletes. Within this cohort of young adult athletes, we also sought to explore the potential role for player age in determining baseline K-D scores.
METHODS

Study Participants
Student athletes from the New York University (NYU) men's ice hockey team (n = 13, aged 18-23 years) were enrolled in this study during the preseason practice period. Study protocols were approved by the Institutional Review Board at the NYU School of Medicine, and informed consent was obtained from all study participants.
Participants underwent a series of tests, including K-D (9), a test of rapid number naming that uses spiral-bound cards or a computer-based tablet version, and components of the SCAT3 (10). SCAT3 components included the Symptom Evaluation questionnaire, Standardized Assessment of Concussion (SAC) (12) , and a timed tandem gait test.
K-D Test of Rapid Number Naming
We requested that participants complete the K-D, a visionbased rapid number test in 3 separate platforms (in a randomized order). The first platform was a spiralbound booklet version of the K-D; the second was the K-D on a computerized tablet, and the third was a computer digitized version of the K-D linked with formal eye movement recordings (EyeLink 1000+ infrared-based video-oculography; SR Research, Mississauga, Canada). Saccadic eye movements were analyzed and the intersaccadic interval (ISI) was calculated. The ISI is a measure of time between saccades and represents a combined measure of saccade latency and fixation duration (13).
K-D Test Platform 1: Spiral-Bound Version
Participants were instructed to perform the K-D test in the spiral-bound booklet version (Fig. 1 
K-D Test Platform 2: Tablet Version
The K-D test was also administered on an iPad. Similar to the spiral-bound version of the K-D test, participants were instructed to hold the iPad at a comfortable distance and read the numbers aloud quickly from left to right. The test administrator was responsible for changing the screen to the next K-D card when the participant had completed reading the numbers. The time for each test card was recorded immediately after the administrator tapped the screen, bringing the participant to the next test card. After completing each card, the administrator tapped the screen to record the time. A total of 3 time scores were recorded and then summed for the total time. The participant was allowed to pause between test cards, starting the next card only after notifying the administrator when ready to begin the next card. In addition, the test administrator recorded errors for each test card on a separate form.
For the iPad platform, there were 2 versions available. Version 1 was identical to the numbers of the spiral version. 
K-D Test Platform 3: Computerized Eye Link 1000+ Eye Movement Recording Version
Participants performed a laboratory-based version of the K-D test with simultaneous infrared-based video-oculographic recordings using the EyeLink 1000+. All participants completed a 13-point spatial calibration procedure and 1 trial of reading 3 computer-generated K-D test cards while undergoing simultaneous eye movement recording with infraredbased video-oculography (Eye link 1000+; SR Research). The system recorded both eyes with a sampling frequency of 500 Hz and a spatial accuracy of approximately 0.5°. Eye movement data were analyzed off-line using custom Matlab software. Data between card presentations were automatically identified for exclusion and manually confirmed, and data within 100 ms of a blink were automatically eliminated. The total reading times and error rates were recorded. Additional details, including full methodologies, recording procedures, and KD eye movement analysis techniques, have been published (14) .
Sport Concussion Assessment Tool-Third Edition Component Testing
The SCAT3 is a sideline tool that assesses symptoms, cognition, and balance. The test battery combines the Standardized Assessment of Concussion (SAC) (12) and a modified Balance Error Scoring System (BESS) or timed tandem gait test (10, 15) .
Standardized Assessment of Concussion
The SAC is a brief cognitive battery that captures the domains of orientation, immediate memory, concentration, and delayed recall. A maximum total score of 30 is generated by adding the 4 subscores from each section. A worsening SAC score of 2-4 points from baseline was used to determine a clinically meaningful change based on recent guidelines, and this threshold was used to examine a worsening SAC score dichotomously (10) . The SCAT3 Symptom Checklist, an evaluation of 22 symptoms associated with concussion, was also administered to all participants (10).
Timed Tandem Gait Test
The timed tandem gait (TTG) test, a balance component of the SCAT3, was recorded for each participant. The TTG was chosen over the BESS due to evidence suggesting that this is less impacted by exercise and fatigue than static balance tasks (16) . To perform the TTG, participants were instructed to walk along a 38-mm-wide · 3-m-long sports tape. Athletes placed one foot in front of the other, without shoes or skates, along the line as quickly and accurately as possible. The best time of 4 trials back and forth along the tape was recorded as the official score.
Statistical Analyses
Statistical analyses were performed using Stata 14.2 (StataCorp, College Station, TX). Pearson linear correlations with 95% confidence intervals (CI) were calculated to examine the relation of age with preseason baseline test scores, after examining the distributions of measures in this small cohort to fit assumptions for normality (skewness , j1.0j, median nearly identical to mean summary measures, and results of the Shapiro-Wilk test [P values .0.05]). The linear correlations were also calculated to examine the relation of vision-based test scores to SAC and TTG in this cohort. Normal Q-Q plots, leverage plots and residual plots were examined to identify possible influential observations. Regression models were developed to predict the effect of age on the observed K-D measurements. Adjusted models were calculated when an influential point was identified with Cook's distance; the point was then removed and the model was recalculated. 
RESULTS
Among
DISCUSSION
Results of this investigation of a small cohort of collegiate ice hockey players suggests that, during preseason baseline testing of the vision-based K-D, the ISI was the quantified eye movement parameter most strongly associated with rapid number-naming test times. In addition, our study generated the hypothesis that increasing age, even within the limits of a collegiate cohort, may be associated with prolonged K-D test times and ISI. This is the first study to examine ocular motor behavior during performance of a digitized version of the K-D test in a preseason baseline for a collegiate athlete cohort. The ISI has previously been shown to have the best correlation with K-D times among healthy volunteers, and in chronic concussion during eye movement recordings (14, 17) . The K-D test is useful in identifying athletes with concussion in contact sports across all age groups (7, (18) (19) (20) . This test can also be easily performed by nonmedical personnel, including parents, making it a practical performance measure to complement clinical judgment and existing concussion protocols on the sidelines (21) .
It also has been demonstrated that athletes have abnormal saccade measurements following concussion (22, 23) . Tests that assess saccadic eye movements enable the analysis of a number of pathways throughout the brain including attention, motor planning, and visual-spatial integration (24) . The ISI correlated with the K-D test and was useful for studying concussion. Saccadic eye movements involve the integration of information throughout several areas of the brain including the frontal eye fields, dorsolateral prefrontal cortex, intraparietal sulcus, supplementary eye fields, and deep structures of the brainstem (24, 25) . In concussion, pathways involved in the cognitive control of vision are vulnerable to injury based on diffusion tensor imaging studies (26, 27) . Injury to the fronto-parietal circuits have been demonstrated and can impair eye movement behavior (28) . With concussion, K-D test times have been shown to worsen (prolonged time) from a preseason baseline score (7, 19, 20) .
Baseline KD scores and ISI worsened with increasing age but not with number of prior concussions in this small cohort. This suggests that duration of contact sport exposure history may influence preseason baseline rapid number-naming performance. In contrast, in a younger athletic cohort (aged 5-17 years), K-D scores showed improvement (faster times) with increasing age (7) . This may be due to maturation of grey matter and white matter tracts during childhood development (29) . The frontal lobe circuits which are integral in eye movement tasks begin to stabilize in adolescence, suggesting mechanisms that may contribute to improved KD scores (29) .
Longer durations of contact sport exposure have been associated with greater degrees of cognitive impairment (30) . Among 18 boxers (age 25-60 years) who underwent neuropsychological testing, duration of contact sport exposure based on number of professional fights and age correlated with worsening cognitive indices as opposed to the number of knock-outs or episodes of amnesia (30) . In a study of active American professional football players, cognitive function was worse in older players with the apolipoprotein E4 (APOE) allele compared to players without this allele, or less experienced (younger) players of any genotype (31) . This association was present independently of the numbers of concussions reported. This study suggested that cognitive impairment in professional athletes may be influenced by age and APOE genotype, in addition to duration of exposure to contact sports.
Our study of the relation of baseline rapid numbernaming time scores with eye movement recording measurements in a collegiate athlete cohort suggests a potential role for athlete age at the time of testing as a factor in determining K-D scores. We recognize that this finding must be confirmed in a larger study cohort of contact and noncontact sport athletes, and also must be examined in the context of differences between males and females, types of sport, age at first contact sport participation, and other relevant factors. As noted in several recent studies, the prolongation of the ISI is the eye movement recording measurement that is, most strongly related to K-D test times among individuals with a history of concussion (14, 17) . Important next steps for the investigation of vision-based rapid sideline tests and their eye movement underpinnings as recorded in the laboratory will include: 1) further evaluation of a rapid picture-naming test platform which captures visual and cognitive pathways that are additive to rapid number naming, 2) determination of the role for age in the developmental performance of rapid number and picture naming across the youth age groups, and within additional collegiate cohorts engaged in contact sports, and 3) examination of how vision-based rapid sideline tests can reflect both concussion history and symptom recovery in the context of acute injury.
We have demonstrated that the ISI correlates well with K-D scores, and that increasing age may be a marker for duration of contact sports exposure. The worse K-D preseason baseline scores with increasing age in our collegiate cohort also supports further examination of the clinical significance of subconcussive events.
